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Whispering gallery mode microdisk cavities fabricated by direct laser writing are studied using
dark-field imaging and spectroscopy in the visible spectral range. Dark-field imaging allows us to
directly visualize the spatial intensity distribution of whispering gallery modes. We extract their
azimuthal and radial mode indices from dark-field images, and find the axial mode number from
the dispersion relation. The scattering spectrum obtained in the confocal arrangement provides
information on the density of optical states in the resonator. The proposed technique is a simple
non-invasive way to characterize the optical properties of microdisk cavities.
Microcavities with circular symmetry can support so-
called whispering gallery modes (WGMs) formed by the
total reflection of the electromagnetic wave from the side
wall of the cavity. WGM microcavities can have huge
Q-factors, reaching a magnitude of up to 1010 [1]. High
Q-factors allow to accumulate the electromagnetic en-
ergy density sufficient for a considerable manifestation of
nonlinear effects [1]. Miniaturization of the cavity sizes
results in the exponential increase of the radiation losses
which can be suppressed by means of auxiliary plasmonic
structures [1]. WGM resonators are widely used in sen-
sors and detectors because of their high Q-factor and a
narrow resonance line width providing high spectral sen-
sitivity to the environment (see, e.g., Ref. [2–5]). Even
traces of single molecules or nanoparticles can be effi-
ciently detected by means of the spectral shift of WGM
resonances [6–8]. WGM resonators are also applicable
for lasing, filtering, switching, and modulation of optical
signals [9–14].
The full electromagnetic description of microcavities
contains the information about the spectrum (eigenval-
ues) and field distribution of the modes (eigenfunctions),
which is enough to build Green function of microcav-
ity [15]. Eigenfrequencies and Q-factors can be estimated
experimentally, for example, from the transmission spec-
trum of a fiber [16] or a prism [17] coupled to the res-
onator or from the spectrum of a photoluminescent ma-
terial placed inside the resonator [1 and 18]. The latter
method demands special procedures during the fabrica-
tion process. Spectrum measurements with a fiber or
a prism coupled to the waveguide is quite demanding
because of the exponential dependance of the coupling
coefficient on the distance between the cavity and the
fiber. In the case of under-coupling regime, the resonance
in transmission spectrum can be very weak and not de-
tectable. In the over-coupling regime, the fiber distorts
the spectrum of the cavity. Moreover, the coupling coef-
ficient depends on the mode indices of WGM.
The field distribution of the eigenmodes can be
measured using near-field scanning optical microscopy
(NSOM) [19–22]. This method as well as a fiber coupled
to a cavity is also invasive. A probe tip of a NSOM dis-
torts spectrum, Q-factor, and field distribution of modes,
especially in high-Q cavities. Therefore, an additional
treatment of the measured data is needed. Sometimes,
it is a quite tricky and nontrivial problem [23 and 24].
In this sense, non-invasive methods, i.e. those which do
not distort the properties of the resonator, become more
relevant and topical.
In this work, we demonstrate a novel non-invasive tech-
nique of microcavity characterization based on dark-field
imaging and spectroscopy. This method uses different
optical channels for excitation beam and collection of
the radiation scattered by the microcavity [see Fig. 1(a)].
The coupling of the obliquely incident Gauss beam with
WGMs occurs due to the radiation losses mainly coming
from the sidewall roughness. The proposed technique
allows to directly observe the intensity profile of WGMs
without the need to couple WGM resonators to a fiber or
a prism or to embed dye molecules inside the cavity. Note
that in Ref. [25] a similar imaging technique of WGMs
was developed. However, in contrast to the method pro-
posed here, it applied only to deformed cavities and does
not allow to extract azimuthal mode index.
The fabrication of WGM microresonators was per-
formed with negative-tone photoresist based on hybrid
organic-inorganic material based on zirconium propox-
ide with Irgacure 369 as photoinitiator [26]. The mate-
rial exhibits low shrinkage upon polymerisation, which
guarantees good correspondence of the fabricated struc-
ture to suggested model. A commercial direct laser writ-
ing (DLW) system (Lazer Zentrum Hannover, Germany)
equipped with Ti:Sa oscillator (TiF-100, Avesta Project,
Russia) seeding 100-fs pulses centered around 790 nm
wavelength with the repetition frequency of 80 MHz was
used for the exposure of photoresist. The laser beam was
focused in a volume of the photoresist through a glass
coverslip by 100× immersion objective with numerical
aperture NA = 1.4 (Carl Zeiss, Germany). The posi-
tioning of the sample was performed by motorized linear
air-bearing translators (Aerotech inc., USA). The sam-
ples were prepared by drop-casting the photoresist on
170 µm thick glass coverslips used as substrates and pre-
baked at 70◦ for 1 hour. After the exposure the samples
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FIG. 1. (a) Experimental setup for dark-field imaging and
spectroscopy of WGM microcavities. The sample is excited
with white light from the side at oblique incidence. The scat-
tered light is collected from the top by an objective with
NA = 0.55. (b) SEM image of the fabricated microdisk. The
radius of the disk R = 8 µm, disk thickness H = 1.5 µm.
were developed in isopropanol for 30 minutes.
The mode intensity distribution and scattering spec-
trum of the microdisk were analyzed using a home-built
dark-field microscope with independent excitation (side)
and collection (upper) optical channels [see Fig. 1(a)].
The fabricated microresonators were illuminated by a su-
percontinuum source (Fianium Superchrome) with a tun-
able band-pass filter with minimal band of 5 nm. TM-
polarized light was focused with an objective (Mitutoyo
MPlanApo 10×, NA = 0.28) on the sample surface at
oblique incidence of 65◦. The light scattered by a single
microdisk was collected with the second objective (Mi-
tutoyo MPlanApo 50×, NA = 0.55) to observe the spa-
tial distribution of scattered light. Experimental spectra
were acquired using Horiba LabRAM HR confocal spec-
trometer from the spot located at the edge of the disc as
shown in Fig. 1(a).
Dark-field image of the microcavity obtained under
oblique excitation with λ = 525 nm is shown in Fig 2 (a).
One can clearly see a periodic distribution of the intensity
along the microdisk’s edge which is the manifestation of
the excited WGMs. The incident beam lies in the sym-
metry plane of the microcavity. It results in equiprobable
excitation of the clock- and anti-clockwise WGMs which
form the observed standing wave. Because of the rela-
tively large size of the cavity its spectrum is quite dense
and several modes are excited simultaneously. Each of
them can be described by azimuthal (m), radial (r), and
axial (z) mode numbers which have clear physical mean-
ing – numbers of mode field maxima in the corresponding
directions.
Detailed view of the intensity pattern is shown in
Fig. 2 (b). It is obtained with conformal mapping of the
hatched area from Fig. 2 (a). Two series of the inten-
sity maxima at different distances from the center of the
cavity correspond to the fundamental (r = 1) and higher-
order radial mode (r > 1). The angular dependence
of WGM field is described through a factor exp(±imθ),
where θ is the azimuthal angle. Using fast Fourier trans-
form we obtain angular distances ∆θ between the neigh-
bouring maxima of intensity for each mode [see Fig. 2 (c)]
and find azimuthal mode number as m = 180◦/∆θ. For
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FIG. 2. (a) Experimental dark-field image of a microdisk
resonator obtained at λ = 525 nm excitation. The bright
region on the top of the image is the excitation spot. (b) A
developed sector 30◦ − 60◦ of an experimental image repre-
sented in angle-radius coordinates. (c) Intensity cross-sections
of the development (b) obtained at r = 7.7 µm (red line) and
r = 6.2 µm (blue line). (d-f) Numerically simulated electric
field intensity distribution (d), its respective angle-radius de-
velopment (e) and cross-sections (f). Dotted lines in (a, b)
and (d, e) indicate microdisk radius R = 8 µm.
the modes under consideration we obtain m = 59 and
m = 50, respectively. From the condition of the spectral
proximity of these modes we find that for m = 50 the
radial index is r = 3. Thus, we directly identified az-
imuthal and radial mode numbers as m = 59, r = 1 and
m = 50, r = 3.
Axial mode number z can be obtained from approxi-
mate relation between the resonance wavelength λ and
mode indices m, r, z [27]:
λ =
2piRn
γm,r
√
1 +
(
zpiR
hγm,r
)2 = 2piRneγm,r . (1)
Here, R and h are the radius and the height of the mi-
crodisk, γm,r is the r
th root of Bessel function of mth
order, n and ne are refractive index of the microdisk ma-
terial and effective refractive index of the mode, respec-
tively. The extracted mode indices and ne for different
excitation wavelengths are shown in Table I.
In order to verify the equity of the proposed procedure
we carried out 2D numerical simulation of the dark-field
imaging experiment using Comsol Multiphysics. The ex-
citation beam is substituted with an electric dipole ori-
3ented normally to the face of the disk. The thickness of
the microdisk is taken into account through the effective
refractive index of the mode ne. The simulated inten-
sity distribution [Fig. 2 (d-f)] demonstrates good quali-
tative agreement with the experimental image [Fig. 2 (a-
c)]. The verification of the extracted radial mode indices
is provided through the comparison of the experimental
mode maximum position [Fig. 2 (b)] and the result of
3D simulation (Fig. 3) obtained using the approach from
Ref. [28].
TABLE I. Whispering gallery modes observed experi-
mentally at different excitation wavelengths.
λ Azimuthal, radial & axial ne
(nm) indices (m, r, z)
525 (59, 1, 8) 0.694
525 (50, 3, 8) 0.707
550 (61, 1, 7) 0.750
550 (53, 3, 7) 0.777
575 (64, 1, 7) 0.820
575 (58, 3, 7) 0.874
The physical meaning of ne is the ratio of the wave-
length in a plane wave (in vacuum) and in a WGM at
the same frequency. Value of ne becomes less than unity
only for high-order axial modes. This fact is exploited for
the simulation of ε-near zero metamaterials using hollow
metal waveguides [29].
According to the Abbe limit [15], we should be able to
resolve only the neighbouring intensity maxima placed
at a distance bigger than 1.22λ/(2NA). For WGMs it is
equivalent to the relation ne ≤ NA/1.22 = 0.45. How-
ever, in the experiment, we have the resolution overcom-
ing the Abbe limit (see Table I). This contradiction is ex-
plained by the fact that neighbouring intensity maxima
of WGMs represent anti-phase coherent sources whose
image always consists of distinct maxima regardless of
the distance between the sources [30]. Therefore, fun-
damentally, two anti-phase coherent sources are always
resolvable in a noise-free environment [31]. In practice,
the resolution is limited by sensitivity of the detector and
background noise level. In our case, the main source of
background intensity is diffuse scattering from the top
face of the cavity.
To gain further insight into the optical properties of the
cavity, we carried out of the spectral measurement of the
cavity. In order to minimize the diffuse background we
measured the microcavity spectrum from the spot with
a diameter ≈1.5 µm located at the edge of the cavity
[θ = 90◦, see Fig. 1(a)]. Experimental scattering spec-
trum of microdisk is shown in Fig. 4. One can see that
it has an oscillation behaviour. The oscillations can be
explained by low finesse of the cavity spectrum consisting
of many overlapped resonances. The oscillation period of
the scattering spectrum is about 2 nm. It is less than free
spectral range (FSR) ∆λ = 5.1 nm, i.e. mode spacing
between the two fundamental WGMs with neighbouring
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FIG. 3. Intensity distribution of WGMs with m = 59, r = 1,
z = 8 and m = 50, r = 3, z = 8 calculated using the approach
from Ref. [28].
azimuthal numbers. It is a manifestation of higher-order
radial mode.
With the assumption that excitation probability of
WGMs has weak dependance on the mode number, the
scattering intensity spectrum is proportional to the den-
sity of optical states (DOS) ρ(ω), which is one of the
most fundamental quantity in nano-optics [15]. In par-
ticular, in the case of infinite Q-factors, DOS is given
by ρ(ω) =
∑
s δ(ω − ωs). If the Q-factor is finite, the
Dirac delta function δ(ω−ωs) should be replaced by the
Gaussian distribution:
ρ(ω) =
1√
2pi
∑
s
Qs
ωs
exp
(
−Q2s
(ω − ωs)2
2ω2s
)
. (2)
Here, ωs and Qs are the eigenfrequency and Q-factor
of the mode with index s. The eigenfrequencies ωs
were found from full-wave numerical simulation using
Comsol Multiphysics software and approach developed
in Ref. [32]. This approach was approved in the previous
studies (see Ref. [12]). For large cavities, the Q-factor is
mainly limited by the scattering from surface roughness,
which is defined by roughness root mean square σ and
correlation length of surface roughness profile L [27 and
33]. For the sample under consideration, atomic force
microscopy (AFM) measurements and subsequent treat-
ment yields σ = 12 nm, Lc = 80 nm, and Q ≈ 2 × 103.
It corresponds to a spectral broadening of 0.34 nm for
λ = 525 nm. Roughness parameters are governed by
both technical details of DLW setup (output laser power
stability, voxel size etc.) and by the fabrication proce-
dure [34].
The calculated DOS [see Eq. (2)] is shown in Fig. 4.
One can see that DOS and spectrum of the scattering
intensity have similar oscillation period. It confirms the
correctness of Q-factor value estimated from the AFM
measurements. Breaking of the proportionality between
frequency dependence of scattering intensity and density
of optical states can be induced by diffuse scattering, fi-
nite size of the collection spot, finite aperture of objective
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FIG. 4. Experimental dark-field spectrum (red line) and
density of optical states (blue dashed line). Vertical grey lines
indicate fundamental modes, i.e. the modes with first radial
and axial indices.
in the collection channel, and by a dependence of WGM
excitation probability on the mode number.
In conclusion, by the example of whispering gallery
mode microdisk cavities fabricated by direct laser writ-
ing, we have demonstrated that the combination of dark-
field imaging and spectroscopy provides non-invasive
measurement of mode spatial distribution, spectrum of
eigenmodes, mode indices, and density of optical states.
Such technique can prove extremely useful in the case
high quality factor cavities which are very sensitive to
environment and, therefore, demand non-invasive mea-
surements.
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